We synthesize continuous solid solutions with monophasic zircon-type structure of vanadates of formula Y x Bi 0.95-x VO 4 :0.05Dy 3+ (x = 0-0.95) using a combined method of co-precipitation and hydrothermal synthesis. The X-ray diffractometer patterns confirm the formation of a solid solution of Y x Bi 0.95-x VO 4 :0.05Dy 3+ , and the results show that all the samples have monophasic zircon-type structure. The absorption spectra of the prepared phosphors show a blue-shift of the fundamental absorption band edge with increasing Y 3+ content. An intense tunable characteristic emission of Dy 3+ is observed with the increasing ratio of Y/Bi. Finally, the mechanism of luminescence of Dy 3+ in the Y x Bi 0.95-x VO 4 :0.05Dy 3+ (x = 0-0.95) solid solution is analyzed and discussed.
White light-emitting diode (W-LED) is one of the most potential candidates for solid-state lighting sources in the lighting industry [1, 2] . At present, W-LEDs are usually fabricated by combining a blue LED chip with a yellow phosphor (YAG:Ce 3+ ) [3, 4] . However, the present technical bottleneck is that the as-resulted white light has poor color rendering index because of color deficiency in the red region [5] . Moreover, the excitation range of most current phosphors is exceedingly narrow, resulting in the suitableness for only a few LED chips. To improve the properties of W-LEDs, several methods have been adopted. One strategy is to explore a novel long-wavelength yellow phosphor and to develop novel host materials with adjustable band gap, in order to suit for different LED chips. It is well known that Dy 3+ ion has two intense fluorescence transitions from the 4 F 9/2 → 6 H 15/2 and 4 F 9/2 → 6 H 13/2 levels with the blue light emission at 480 nm and yellow light emission at 575 nm, respectively. Thus, white light can be obtained from Dy 3+ activated materials by either changing the intensity ratio of the blue to yellow emissions or by adjusting the host composition [6] . Recently, the interest in solid-state materials of vanadium oxide doped with rare-earth ion has significantly grown because of their long-wavelength properties and excellent chemical stabilities [7] . Among the vanadium oxide, bismuth vanadate and yttrium vanadate are useful phosphors in observing different visible (Vis) colors with the suitable dopant rare-earth ions [8] . BiVO 4 can crystallize in three main structures (orthorhombic pucherite, tetragonal zircon, and monoclinic clinobisvanite), and vanadates with tetragonal zircon structure are considered as good host lattice under near-ultraviolet (UV) or blue excitation due to its tetrahedron unit. Unfortunately, the intensity of BiVO 4 or YVO 4 doped rare-earth emission is weaker than commercial phosphors. In this work, we attempted to construct a BiVO 4 -YVO 4 solid solution to solve this problem. The formation of the BiVO 4 -YVO 4 solid solution widens the band gap of BiVO 4 and enhances the intensity of emission light [9] . While the band gap of YVO 4 lies in the near-UV range (3.5 eV), that of BiVO 4 lies at the edge of the Vis range (2.9 eV) and depending on these band gaps, the band gap of the solid solution can be adjusted by changing yttrium content. Thus, zircon-type YVO 4 is a very ideal candidate material with BiVO 4 for constructing Y x Bi 0.95-x VO 4 :0.05Dy 3+ solid solution. To the best of our knowledge, there has been no report on the fabrication and optical properties for completed BiVO 4 -based solid solution with monophasic zircon-type tetragonal, which use the traditional synthesis methods and these traditional synthesis methods need high calcination temperature or long synthesis time. Furthermore, the biphase mixture of tetragonal phase and monoclinic phase were obtained using single preparation process. Therefore, a new synthesis strategy combined with co-precipitation and hydrothermal methods was addressed. Based on the progress mentioned above, the initial purpose of this letter is to investigate whether the Y x Bi 0.95-x VO 4 :0.05Dy 3+ binary system forms a complete solid solution with the monophase zircon structure. Then, the crystalline structure and the optical properties of Y x Bi 0.95-x VO 4 :0.05Dy 3+ solid solution have been characterized and analyzed. Analytical reagent grade NH 4 VO 3 , Bi(NO 3 ) 3 ·5H 2 O, Y 2 O 3 , Dy 2 O 3 were employed as raw materials, which were weighed out and were added to nitric acid solution and dissolved with stirring at room temperature, then mixed homogeneously. The solution pH was adjusted to 2 with ammonia solution. The suspension was transferred into a 100 mL Teflon-lined stainless steel autoclave, and the hydrothermal treatment was carried out at 180 ℃ for 6 h. After the reaction suspension was carried out, centrifuged, and dried, the powder samples were obtained.
The crystal structures of phosphor samples were characterized by X-ray diffractometer (XRD, Cu-Ka: l = 0.1542 nm, D8 Advance, German). The optical properties of absorption were measured by UV-Vis diffuse reflectance spectrophotometer (UV-Vis DR, Hitachi U-4100, Japan), and the photoluminescence (PL) spectra, including emission and excitation spectra, was obtained using a spectrophotometer equipped with InGaAs as detector with both continuous and pulsed xenon lamps (150 W, Hitachi F7000, Japan). All the measurements were carried out at room temperature.
The XRD patterns of the vanadate-based Y x Bi 0.95-x VO 4 :0.05Dy 3+ (0 ≤ x ≤ 0.95) phosphors are presented in Fig. 1 with a different Bi/Y ratio. BiVO 4 has a zircon-type structure with space group of I4 1 /amd, which is identical with the YVO 4 . The XRD patterns of the powder samples show that the phase in the powder samples matches well with the tetragonal structure of usual zircon-type of BiVO 4 or YVO 4 , indicating that the phase in these phosphors are completed monophasic zircon-type structure combined with co-precipitation and hydrothermal methods. With the increase in Y 3+ ions content, the position of main diffracted peak of the samples continuously shifts toward larger angles. The successive shift of the XRD pattern indicates that the lattice parameter decrease and the crystals obtained are not mixtures of BiVO 4 and YVO 4 phases, but Y x Bi 0.95-x VO 4 :0.05Dy 3+ solid solution. The ionic radius of the Y 3+ ion for the coordination number (CN) six is 0.090 nm which is very close to that of Bi 3+ (0.103 nm). It can be clearly seen that the ionic radius difference is less than the 15% limit stated by Vegard's law to achieve complete solid solubility between the dopant and the host cation. Therefore, the Y 3+ ions are expected to occupy the Bi sites in these phosphors. Figure 2 shows the UV-Vis absorption spectra of the Y x Bi 0.95-x VO 4 :0.05Dy 3+ powder samples at room temperature. The absorption spectrum of the pure BiVO 4 and YVO 4 are in agreement with that synthesized by an aqueous process reported before [10, 11] .
Semiconductors absorb light below a threshold wavelength l g , the fundamental absorption edge, which is related to the band gap energy via [12] l g (nm) = 1240/E g (eV). The onset wavelengths of the absorption spectrum indicated that the band gaps of BiVO 4 and YVO 4 are 2.9 and 3.5 eV, respectively. We can see that the absorption edges of solid solutions Y x Bi 0.95-x VO 4 :0.05Dy 3+ are located between those of BiVO 4 (∼430 nm) and YVO 4 (∼360 nm). The absorption bands of solid solutions gradually shift to shorter wavelengths due to the increasing ratio of bismuth to yttrium in the solid solution. The phenomena should be attributed to a band transition of Y x Bi 0.95-x VO 4 :0.05Dy 3+ solid solution. This shift also indicates that the crystals obtained are solid solutions. To the best of our knowledge, the physical properties of continuous solid solution changes continuously with the composition. According to this principle, the formulation of continuous solid solution could be determined. The band gaps of Y x Bi 0.95-x VO 4 :0.05Dy 3+ solid solutions are estimated to be 2.9-3.5 eV from onsets of the absorption spectra. In other words, the formation of the solid solution widens the band gap . This is because the Dy 3+ is located at a low symmetry local site (D 2d , without inversion center) in the host lattices [11] . (0 ≤ x ≤ 0.95) systems can be analyzed. Theoretically, if the ions are far separated from each other, the energy transfer is not efficient. On the other hand, the closely spaced ions will lead to deleterious cross-relaxation, which decreases the emission efficiency [12] . Thus, the fluorescence emission of the solid-solution samples are affected by the distance between emission centers Dy 3+ and VO 4 3-. The Y 3+ ion is carefully chosen to have an ionic size slightly smaller than Bi 3+ to make replacement of Bi 3+ with the ion possible. The purpose of Y 3+ ion doping is to slightly change the volume of the unit cell in the crystal and then improve the energy transfer efficiency to Dy 3+ ion, and eventually increase the fluorescence emission. When a small amount of Y 3+ ion is doped, they may occupy the lattice sites. The crystal unit cell will diminish only when it occupies the lattice sites [16] . Then comparing the XRD pattern in Fig. 1 with standard PDF card 014-0133, it is found that all the diffraction peaks slightly shifted to large diffraction angles, suggesting that the volume of unit cell shrinks after the Y 3+ ions doping. The increase in PL intensity up to x = 0.55 may be caused by the fact that the solid solution with proper crystal unit cell efficiently of BiVO 4 , which can be reasonably understood, considering the larger band gap of YVO 4 . Thus, the band gap of the Y x Bi 0.95-x VO 4 :0.05Dy 3+ solid solutions are controlled by the change in Bi/Y ratio in the composition. These imply that the band gap of Y x Bi 0.95-x VO 4 :0.05Dy 3+ (0 ≤ x ≤ 0.95) solid solutions could be adjusted and controlled by changing the value of x, all of the samples are tetragonal structure, which is its most important feature.
For Dy 3+ -doped samples, the excitation spectra monitored at 574 nm are shown in Fig. 3 . The PL excitation spectrum of Y x Bi 0.95-x VO 4 :0.05Dy 3+ (0 ≤ x < 0.95) shows a broad excitation band centered at 308 nm with a band edge at about 350 nm, the excitation band might be caused by the transition between the Bi 3+ ions and the host lattices, instead of the conventional 6s → 6p transition ( 1 S 0 → 3 P 1 ) of Bi 3+ . Blass et al. [13] demonstrated that for the Bi 3+ doped YVO 4 , the 6s level of Bi 3+ lied above the highest filled 2p level of O 2-, thus the electrons in the 6s level were apt to be transferred to the 3d level of V
5+
. Similarly, the 308 nm excitation band herein might be ascribed to the metal-metal (Bi 3+ -V 5+ ) charge transfer followed by energy transfer to Dy 3+ . Noticeably, the dominant energy transfer to Dy 3+ with the ratio of bismuth to yttrium in the solid solution increased which is a charge transfer band which arises from the oxygen ligands interaction with the central metal ions (VO 4 3− (V-O)) components of the matrix [14] . It can be ascribed to the 1 A 1 -1 T 1 transition of VO 4 3- [15] . There are some sharp lines in the longer wavelength region, they are ascribed to the f-f transitions within Dy 3+ 4f 9 configuration. This suggests that, the solid-solution phosphors could enhance the near-UV LED chip excitation for obtaining the characteristic emissions.
The luminescence spectra of Dy absorbed the excitation energy and transferred it to the Dy 3+ activator. When the amount of the Y 3+ ion is further increased, the decrease in emission intensity may be due to extreme shrinking of the unit cell, which causes the distances between emission centers Dy 3+ and VO 4 3-become closer, and quenching might occur. We believe that quenching is caused by energy transfer among activators, that is, energy transfer occurs from one activator to another until an energy sink in the lattice is reached. Thus, energy transfer should be very sensitive with the concentrations. Besides, small particles do not have high luminous efficiency due to grain boundary effects [17] . Therefore, this is an indication that certain properties of the solid solution, such as crystallite size or disorder of the local environment surrounding the activator ions, influenced the PL spectra and the solid solubility is important to extract the maximum luminous efficiency.
The zircon-type tetragonal of BiVO 4 and YVO 4 crystals has a direct optical band gap. The gap between the lowest energy of the conduction band and the highest energy of the valence band are about 2.9 and 3.5 eV, respectively. The possible energy transfer processes are shown in Fig. 5 . As shown in Fig. 5 , the intrinsic emission of Dy 3+ is very intense. It indicates that the observed intense light emission in Fig. 4 is probably due to the high-efficient energy transfer transition from the host to Dy 3+ . For the solid solution to achieve the purpose, the band gap can be adjusted and controlled by changing the value of x, then to tune the emission spectra intensity, it accounts for the excellent luminescence.
We discover from Fig. 4 that the intensity ratio of yellow-to-blue (Y/B) is strongly influenced by the value of x in the system of Y x Bi 0.95-x VO 4 :0.05Dy 3+ . Moreover, it is also clear that the shift of the emission color of the phosphor has been observed from blue-white to yellow region (Table 1 and Fig. 6) . Surprisingly, the light is within the white region with a CIE coordinate of x = 0.3032 and y = 0.3488. In view of the above systematic investigations and by studying the effect of host composition (Bi, Y), it is seen that the 4 :0.05Dy 3+ composition is finely tuned for enhanced long-wavelength yellow emission for its suitable application in certain optical display devices or lighting.
In conclusion, we successfully synthesize a monophasic zircon-type Y x Bi 0.95-x VO 4 :0.05Dy 3+ (0 < x < 1) solid solution by combining with co-precipitation and hydrothermal methods. XRD measurements reveal that the produced phosphors are good crystallines with pure phase and possess zircon-type tetragonal structure. 
